We have determined the crystal structure of the HIV type 1 reverse transcriptase complexed with CP-94,707, a new nonnucleoside reverse transcriptase inhibitor (NNRTI), to 2.8-Å resolution. In addition to inhibiting the wild-type enzyme, this compound inhibits mutant enzymes that are resistant to inhibition by nevirapine, efavirenz, and delaviridine. In contrast to other NNRTI complexes where tyrosines 181 and 188 are pointing toward the enzyme active site, the binding pocket in this complex has the tyrosines pointing the opposite direction, as in the unliganded protein structure, to accommodate CP-94,707. This conformation of the pocket has not been observed previously in NNRTI complexes and substantially alters the shape and surface features that are available for interactions with the inhibitor. One ring of CP-94,707 makes extensive stacking interactions with tryptophan 229, one of the few residues in the NNRTI-binding pocket that cannot readily mutate to give rise to drug resistance. In this conformation of the pocket, mutations of tyrosines 181 and 188 are less likely to disrupt inhibitor binding. Modeling the asparagine mutation of lysine 103 shows that a hydrogen bond between it and tyrosine 188 could form as readily in the CP-94,707 complex as it does in the apoenzyme structure, providing an explanation for the activity of this inhibitor against this clinically important mutant.
T
he HIV type 1 reverse transcriptase (HIV-1 RT) plays a central role in the viral replication cycle by generating a double-stranded DNA copy of the single-stranded RNA genome. HIV-1 RT is a multifunctional heterodimer of a 66-kDa molecular mass p66 subunit and a 51-kDa molecular mass p51 subunit that, as a proteolytic product of the p66 subunit, has the same sequence but adopts a different conformation (Fig. 1 ). DNA polymerase and RNase H catalytic activities are both conferred on the enzyme by the larger p66 subunit of the enzyme.
As an essential viral enzyme, HIV-1 RT is one of the major targets of the antiretroviral drug therapies that are used in the treatment of AIDS. Inhibitors of HIV-1 RT fall into two categories: the nucleoside and the nonnucleoside reverse transcriptase inhibitors (NNRTIs). The nucleoside RT inhibitors are substrate analogs that act as chain terminators, whereas the NNRTIs are a chemically diverse group of compounds that noncompetitively inhibit DNA polymerization (1) (2) (3) .
The first structure of HIV-1 RT was complexed with the NNRTI nevirapine, which bound in a hydrophobic pocket near the polymerase active site (4, 5) . Subsequent structures of the enzyme with a number of different NNRTIs bound have demonstrated that these inhibitors bind to the same pocket, with only minor differences in protein conformation, and substantially overlap the site occupied by nevirapine (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . Comparison of these structures with those of the apoenzyme shows that the NNRTI-binding pocket is induced upon NNRTI binding (21) (22) (23) (24) .
Resistance to NNRTIs arises rapidly upon drug treatment and results from mutation of the amino acids lining the binding pocket (5) . The clinically most important mutations of HIV-1 RT occur in amino acids Lys-103, Tyr-181, and Tyr-188 (ref. 25 and www.hivresistanceweb.com). The K103N mutation causes 20-to 55-fold increases in IC 50 to all three of the licensed NNRTIs, nevirapine, efavirenz, and delaviridine (26); mutation of Tyr-181 to Cys or Ile results in resistance to nevirapine and delaviridine (26) (27) (28) ; and mutation of Tyr-188 to Cys, Leu, or His results in high-level resistance to nevirapine and efavirenz (26) (27) (28) . Most of the mutations that confer drug resistance directly interfere with inhibitor binding by changing the shape of the binding pocket. The K103N mutation is an exception to this general rule; this mutation seems to stabilize the unliganded, closed conformation of the NNRTI-binding pocket (6, 29) , consistent with NNRTIs binding more slowly to the K103N mutant than to wild-type HIV-1 RT (30) .
One strategy for identifying new inhibitors of HIV-1 RT is to target a different step in the reverse transcription process. The proviral DNA that is integrated into the host cell chromosome is the product of a complex series of steps (31) . In addition to requiring the DNA elongation and RNA degradation activities of the enzyme, complete reverse transcription of the genome requires two initiation events (one using tRNA as a primer for minus-strand DNA synthesis and one using the RNaseHresistant polypurine-tract RNA as a primer for positive-strand DNA synthesis) and two template-switching events. Current nonnucleoside inhibitors primarily target the elongation phase of DNA synthesis.
The step we chose to focus on is the very first step of genome replication, the initiation of minus-strand DNA synthesis from the tRNA primer. CP-94,707 (Fig. 2a) is an HIV-1 RT inhibitor that was identified in a DRUG PFINDER high-throughput screening program by using a tRNA -primed DNA synthesis assay (32, 33) . This initiation event differs from elongation in several important ways: it is the only stage of replication in which both the primer and the template are RNA, the kinetics of nucleotide incorporation are slower (34) (35) (36) , and more possibilities exist for contact between the primer and HIV-1 RT because the tRNA is a large asymmetric molecule, rather than a simple duplex. Furthermore, kinetic studies have implicated the tRNA initiation step in the resistance of mutant enzymes to 3Ј-azido-3Ј-deoxythymidine 5Ј-triphosphate (35, 37) .
We describe here the crystal structure of HIV-1 RT complexed with CP-94,707 and show that this inhibitor is active against some of the most significant NNRTI-resistant mutants of HIV-1 RT. The most striking feature of the complex is that the conformation of the NNRTI-binding pocket most closely resem-bles the unliganded conformation rather than the conformation observed in other NNRTI complexes. This structure could explain why CP-94,707 is active against mutations in Tyr-181, Try-188, and Lys-103. We also see a distant conformational change that occurs in the incoming nucleotide-binding pocket, suggesting the possibility that an additional mechanism of inhibition is used by CP-94,707.
Materials and Methods
HIV-1 RT Inhibition Assays. Wild-type HIV-1 RT was produced from p6HRT-PROT (38); Y181I͞Y188L and K103N mutants of HIV-1 RT were produced from derivatives of pUC12N͞ p51(His) (39, 40) . HIV-1 RT initiation activity was assessed by following the incorporation of 3 H-dCTP into newly synthesized DNA by using an in vitro transcribed tRNA Lys-3 primer annealed to a 36-nt viral RNA template sequence (32, 33) . Assays were performed in a final volume of 100 l in 96-well plates. In brief, assay buffer (50 mM Tris, pH 7.5͞50 mM NaCl͞5 mM MgCl 2 ), primer͞template (10-60 M), dNTPs (dATP, dGTP, dTTP; 100 nM each), and 3 H-dCTP (180 nM) were combined, and the reaction was initiated with 60 nM HIV-1 RT. After 45 min at room temperature, the assay was quenched with 0.1 M EDTA and harvested onto a DEAE filter by using a Skatron Harvester with a solution of 5% Na 2 HPO 4 and 2% sodium pyrophosphate. The filter mats were dried and placed into plastic bags with 10 ml of scintillant and counted on a Wallac BetaPlate reader. Nonspecific activity was determined by adding 0.1 M EDTA at the start of the assay. HIV-1 RT elongation activity was determined by using an oligo(dT)͞poly(rA) scintillation proximity assay (Quant-T-RT, Amersham Pharmacia).
To assess the activity of inhibitors on HIV-1 RT activity, compounds were added to the assay before addition of enzyme. Compounds were dissolved in 14% DMSO and were tested in triplicate at final concentrations of 32, 10, 3.2, 1.0, 0.32, and 0.10
Data Collection. Cocrystals of HIV-1 RT with nevirapine have been described (4, 5) . Crystals were washed at 4°C in stabilization solution containing 50 mM bis-Tris propane (pH 6.8), 25 mM ammonium sulfate, 0.1% (wt͞vol) ␤-octyl glucoside, 20% (wt͞vol) PEG-8000, 10% (vol͞vol) glycerol, 1% (vol͞vol) DMSO, and 500 M CP-94,707 (Pfizer) and allowed to soak for 2 days with several changes of fresh solution. Crystals were transferred in three steps to a solution of the same composition, but containing 25% (vol͞vol) glycerol, then flash-cooled in liquid propane. Data from two crystals were collected at a temperature of 100 K at BEAMLINE 5.0.2 (Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, CA) and were processed by using the HKL package (41) to yield a final data set with 37,716 unique reflections (99.4% of the possible data from 30 to 2.8 Å) and 1,867 unique reflections in the outer-resolution shell (99.8% complete from 2.85 to 2.8 Å). The R merge is 5.8%, with an average I͞I of 29.1 for all data and 1.6 for data in the outer-resolution shell. Unit cell dimensions for the crystals soaked in CP-94,707 (a ϭ 223.9 Å, b ϭ 69.0 Å, c ϭ 105.3 Å, beta ϭ 106.6°, space group C 2 ) differed by Ͻ1% from the and calculated by using data that were sharpened by applying a B factor correction of Ϫ60), superimposed on the final refined model of CP-94,707, Tyr-181, and Tyr-188.
frozen crystals of HIV-1 with nevirapine bound (5); the R cross between these data sets is 21.2%.
Fourier maps were calculated using observed amplitudes from HIV-1 RT crystals soaked in CP-94,707 and from frozen nevirapine-containing crystals, with phases calculated from the HIV-1 RT coordinates in Protein Data Bank ID code 3HVT (5). The electron density clearly showed that nevirapine was no longer present in the crystals, that Tyr-181 and Tyr-188 had adopted new positions, and that additional density showed that CP-94,707 had bound. Model rebuilding started from the HIV-1 RT coordinates available in Protein Data Bank ID code 1HQU (29) because it had refined to a 2.7-Å resolution, the highest resolution structure available in this crystal form, and several register shifts in the 3HVT model had been corrected. The main-chain geometry was improved based on the 2.2-Å resolution structure (Protein Data Bank ID code 1VRT) of HIV-1 RT in complex with nevirapine (6). Refinement was performed by using the program CNS (42) and included all data with F Ͼ 0 from 30-to 2.8-Å resolution (33,861 reflections, working set; 1,995 reflections, test set), bulk solvent correction, simulated annealing with torsion angle molecular dynamics, and a maximum likelihood target using amplitudes. Manual rebuilding of the model was done by using the program O (43) . Data were sharpened by applying a B factor correction of Ϫ60 or Ϫ75 to improve the resolution of the maps. Model bias in the phases and resultant maps was minimized by periodically calculating sigmaa-weighted, solvent-f lattened, composite omit maps. Maps were further improved by crosscrystal averaging by using the CCP4 program DMMULTI (44, 45) , with data that were deposited for the structure of HIV-1 RT in complex with efavirenz (Protein Data Bank ID code 1FK9, space group P2 1 2 1 2 1 , refined to a high-resolution limit of 2.5 Å; ref. 19 ). The protein was divided into two domains for the averaging: the p66 thumb and the remainder of the p66͞p51 heterodimer, except for the p66 palm domain, which was not included in the averaging. CP-94,707 was included only in the later stages of refinement. The starting conformation of the inhibitor was taken from its small molecule crystal structure (J. Bordner and D. Decosta, Pfizer, personal communication); toward the end of refinement, ring III was rotated by Ϸ180°to fit the density. The structure has been refined to a high-resolution limit of 2.8 Å, with a working R factor of 25.1% and a free R factor of 29.6%, when refined against the unsharpened data, and with a working R factor of 26.3% and a free R factor of 31.3%, when refined against the data that were sharpened by applying a B factor correction of Ϫ60. Electron density from a simulated annealing composite omit map is shown in Fig. 2b , together with the final model for the CP-94,707, Tyr-181, and Tyr-188. (Fig. 3a) , but with some unexpected conformational differences from other NNRTI complexes in the orientation of residues lining the pocket. Interactions between the protein and the inhibitor are dominated by aromatic stacking between Trp-229 and ring I of the inhibitor and by an edge-on stack of ring II with Tyr-188. Additional interactions come from interactions of ring II with Leu-100 and Leu-234 and of ring III with Val-106, Tyr-318, and Pro-236. CP-94,707 is Ϸ3.5 Å closer to the active site than other NNRTIs, has no interactions with the side chain of Tyr-181, and only partially overlaps the position occupied by other NNRTIs (Fig. 3b) .
Results

Inhibition of Wild
With CP-94,707 bound, the conformations of side chains lining the NNRTI-binding pocket most closely resemble their orientations observed in HIV-1 RT apoenzyme structures. When nevirapine is displaced by CP-94,707, Tyr-181 and Tyr-188 rotate by Ϸ180°from their positions in the nevirapine-bound complex and point away from the active site rather than toward it (Fig. 4a) . This arrangement of Tyr-181 and Tyr-188 is unique among the structures that have been determined of HIV-1 RT bound to NNRTIs.
Tyr-115, which is located in the incoming nucleotide-binding pocket, also reorients when CP-94,707 binds (Fig. 4) , even though it is Ͼ15 Å away from the inhibitor. Tyr-115 is the ''steric gate'' residue that selects against misincorporation of ribonucleoside triphosphates by hindering the binding of nucleotides containing a 2Ј-hydroxyl group (46, 47) . The orientation of Tyr-115 in this structure is observed in only three other HIV-1 RT structures of the more than 60 published structures: Protein Data Bank ID codes 1JLE (48), 1LWF (49) , and 1RTJ (23) . These statistics suggest that the reorientation of Tyr-115 does not occur by chance but is instead stabilized indirectly through long-range conformational changes that propagate from the NNRTI-binding pocket when nevirapine is replaced by CP-94,707.
Discussion
Mechanism of Inhibition. The active site of HIV-1 RT is distorted when bound to CP-94,707, despite the close similarities to the unliganded protein structure. The most significant distortion is a displacement of the ''primer grip'' (50) by Ϸ4 Å (Fig. 4b) , a displacement that also occurs in all other NNRTI complex structures. The primer grip helps orient the 3Ј-hydroxyl terminus of the primer strand in the polymerase active site. In both binary and ternary complexes of HIV-1 RT with DNA substrates (51-55), primer grip residues Met-230 and Gly-231 make nonspecific contacts to the phosphoribose backbone of the last two bases at the 3Ј terminus of the primer strand.
The displacement of the primer grip is a consequence of CP-94,707 ring I displacing Trp-229 (Fig. 4b) from the position that it occupies in DNA-bound HIV-1 RT complexes (51) (52) (53) (54) (55) and in unliganded HIV-1 RT structures crystallized in the absence of inhibitors (21, 22, 24) . In other NNRTI complexes with HIV-1 RT, the displacement of Trp-229 is required for the rearrangements of Tyr-181 and Tyr-188 that occur upon inhibitor binding. In the highest resolution unliganded HIV-1 RT structure (23) that was obtained by soaking a weakly bound inhibitor out of crystals, Trp-229 is in the displaced position observed in NNRTI complexes, probably because crystal contacts prevent complete relaxation of the protein structure when the inhibitor is removed.
The ability of CP-94,707 to inhibit HIV-1 RT DNA synthesis activity may also result as a consequence of its stabilizing the Tyr-115 steric gate residue, located in the incoming nucleotidebinding pocket, in a conformation that is not compatible with dNTP binding (Fig. 4b) . This type of inhibition by an NNRTI has not been observed previously. It is not apparent from this structure how such a long-range conformational change is propagated from the NNRTI-binding pocket. However, AZT drug resistance mutations at residues 215 and 219 can induce conformational changes in the polymerase active site aspartates and in the NNRTI-binding pocket residue Tyr-181 (56).
Basis for Activity Against Mutations That Confer Resistance to Other
NNRTIs. CP-94,707 seems to be active against the Y181I͞Y188L double mutant HIV-1 RT because these mutations would not substantially disrupt interactions between the inhibitor and the protein. Modeling these mutant side chains into our structure (Fig. 5a) shows that standard rotamers of each could easily be accommodated in the complex with CP-94,707. Without any adjustments of the structure, the closest contact is Ϸ2.8 Å between the isoleucine at residue 181 and ring I of the inhibitor. Additionally, the modeling suggests that the area of contact between the protein and inhibitor would be only minimally changed when these residues are mutated.
The ability of CP-94,707 to inhibit HIV-1 RT that carries the K103N mutation can be explained because the NNRTIbinding pocket in the CP-94,707 complex has largely the same structure as the apoenzyme does. The crystal structure of this mutant enzyme (in the absence of inhibitor) shows that Asn-103 hydrogen bonds to Tyr-188, thereby stabilizing a ''closed'' conformation of the binding pocket (29) . The position of Tyr-188 in the complex with CP-94,707 is the same as the unliganded structure, and modeling the Asn-103 mutation shows that the preferred rotamer could form the same hydrogen bond with Tyr-188 that is present in the structure of the unliganded mutant protein (Fig. 5b) . Even if the bond needs to be broken for the inhibitor to enter the pocket, it could readily reform once the inhibitor has bound.
The extensive interaction of CP-94,707 with Trp-229 is significant because it is one of the few residues in the pocket that cannot mutate readily to produce an enzyme that is both an active polymerase and resistant to NNRTIs. Most mutations of Trp-229 eliminate in vitro polymerase activity and viral infectivity (57) (58) (59) . Detectable polymerase activity has only been observed with the conservative mutations of W229Y and W229F, both of which are still sensitive to inhibition by NNRTIs (58, 59) . Virus could be recovered from strains containing the W229Y mutation, but only after they had acquired other mutations in HIV-1 RT (58).
Targeting Trp-229 for more extensive interactions with an inhibitor was previously suggested as one method to design NNRTIs that are less sensitive to resistance mutations (5). The structure described here demonstrates that this is possible and suggests that it may only be possible if Tyr-181 and Tyr-188 point away from the polymerase active site (and away from Trp-229). Because of the apoenzyme-like conformation of these tyrosines, CP-94,707 is Ϸ3.5 Å closer to the polymerase active site than are other NNRTIs. This location suggests that linking an NNRTI to an analog of a substrate such as the primer-template or dNTP could be a feasible method for designing improved inhibitors (5). 
